A practical strategy for synchronizing the properties of compound Josephson junction rf-SQUID qubits on a multiqubit chip has been demonstrated. The impacts of small (∼ 1%) fabrication variations in qubit inductance and critical current can be minimized by the application of a custom tuned flux offset to the CJJ structure of each qubit. This strategy allows for simultaneous synchronization of the qubit persistent current and tunnel splitting over a range of external bias parameters that is relevant for the implementation of an adiabatic quantum processor.
A practical strategy for synchronizing the properties of compound Josephson junction rf-SQUID qubits on a multiqubit chip has been demonstrated. The impacts of small (∼ 1%) fabrication variations in qubit inductance and critical current can be minimized by the application of a custom tuned flux offset to the CJJ structure of each qubit. This strategy allows for simultaneous synchronization of the qubit persistent current and tunnel splitting over a range of external bias parameters that is relevant for the implementation of an adiabatic quantum processor. Despite daunting obstacles, there is considerable interest in the development of solid state quantum information processors. This interest is fueled by the hope that breakthroughs in device fabrication will eventually facilitate the realization of large scale quantum processors whose performance could surpass that of classical computers. Implementations based upon superconducting qubits have received particular attention [1] . Considerable effort has been made in studying noise in such circuits [2, 3] . An equally pressing matter is fabrication variability as qubits are acutely sensitive to variations in device parameters [4, 5] . Current state of the art superconducting fabrication technology is limited, at best, to ∼ 1% spreads in parameters such as Josephson junction critical currents and qubit inductances. The extent to which this variability affects the performance of a superconducting quantum computer is an important open problem. Therefore, it is relevant to demonstrate superconducting qubit designs and methods of operation that are insensitive to small variations in device parameters.
We wish to focus on a quantum Ising spin glass simulator [6, 7] constructed from superconducting flux qubits [8] . Such a device could be useful for solving optimization problems [9] . Each qubit i serves as a spin-1/2 subjected to transverse and longitudinal biases ∆ i and ǫ i ≡ µ i B i , respectively. Here, µ i represents the effective magnetic moment and B i an externally controlled magnetic field. Pairwise couplings are realized by J i,j = M i,j µ i µ j , where M i,j is an externally controlled parameter. The system Hamiltonian at any time during operation has the form
A particular adiabatic quantum algorithm, such as that described in Ref. [6] , may require all µ i and ∆ i to be nominally equivalent between qubits. While this choice of algorithm is by no means unique, it does represent the simplest implementation of an optimization proce- dure that utilizes quantum adiabatic evolution. The objective of the work presented herein was to develop a practical strategy for minimizing the differences in qubit parameters between superconducting flux qubits due to fabrication variations via in-situ tunable device biases.
One useful implementation of a superconducting flux qubit is the compound Josephson junction (CJJ) rf-SQUID [5] , as depicted in Fig. 1 . Here, a main loop of superconducting wire of inductance L q is interrupted by a smaller loop of inductance L cjj with two Josephson junctions of critical current I c1 and I c2 . The CJJ and main loop are subjected to external fluxes Φ
Hamiltonian for this system can be written as
where C i and E Ji = I ci Φ 0 /2π represent the capacitance and Josephson energy of junction i, respectively, and [Φ 0 ϕ i /2π, Q j ] = i δ ij . The inductive terms originate from the two closed loops with
The qubit and CJJ loop phases are defined as ϕ q ≡ (ϕ 1 + ϕ 2 ) /2 and ϕ cjj ≡ ϕ 1 − ϕ 2 , respectively. This 2-dimensional system can be reduced to an effective 1-dimensional Hamiltonian if L q ≫ L cjj because the plasma energy of the CJJ loop will be much higher than that of the main rf-SQUID loop.
Setting ϕ cjj = ϕ x cjj and combining the Josephson terms,
where
Focussing upon the two lowest lying states in the regime β eff −1 (π phase shifted flux qubit), one can recast Eq. 3 as a qubit Hamiltonian
Denoting the ground and first excited state of Eq. 3 at Φ x q = Φ 0 q by |+ and |− , respectively, the spin states can be expressed as |↑ = (
The CJJ rf-SQUID was first proposed as a means of providing in-situ tuning of the tunnel barrier U q β eff via Φ x cjj [5] . By allowing for small relative offsets in the CJJ bias δΦ cjj , it is possible to simultaneously minimize differences in I p q and ∆ between qubits with slightly different L q and I c ≡ I c1 + I c2 , thus synchronizing their properties. Consider I p q and ∆ in the regime
p q is primarily determined by the position of the minima of V (ϕ q ) with only an extremely weak dependence upon C p . In order to maintain constant I p q in the presence of small variations in α ∈ {L q , I c }, the condition is β eff (α, Φ
For |δα/α| = 0.05, one obtains |δΦ cjj | ∼ 15 mΦ 0 . Furthermore, one can use the WKB approximation [10] to write
where ±a represent the classical turning points straddling the local maximum in V (ϕ q ). The resultant form for ∆ reveals that ∆(α, Φ In order to experimentally assess the CJJ synchronization strategy we focussed on a subset of CJJ rf-SQUID flux qubits embedded in a larger lattice of such devices (see Fig. 2 ). Each qubit is connected to three others via in-situ tunable monostable CJJ rf-SQUID couplers, which we treat as classical mutual inductances [11] . We isolated a linear chain of six qubits by setting the intervening couplers to maximum antiferromagnetic coupling and the remaining unused couplers to provide zero coupling. Each qubit's state was probed via a dedicated dc-SQUID magnetometer. The chip was fabricated from an oxidized Si wafer with Nb/Al/Al 2 O 3 /Nb trilayer junctions and three Nb wiring layers separated by sputtered SiO 2 . It was mounted to the mixing chamber of a dilution refrigerator regulated at T = 35 mK inside a PbSn superconducting magnetic shield with a residual field in the vicinity of the chip 9 nT. External current biases were provided by a custom-built programmable room temperature 128-channel current DAC. Low pass filters (LPFs) with f c ≈ 5 MHz were constructed from a combination of lumped element and copper powder filters secured to the mixing chamber. All mutual inductances and residual flux offsets were calibrated in-situ.
To measure I p q we first employed dc-SQUIDs as magnetometers. To begin, we initialized a given qubit, hereafter referred to as the source qubit, in the state |↑ , raised U q β eff to maximum height (Φ x cjj = −Φ 0 ) and measured the change in flux sensed by its dc-SQUID. The process was repeated for the qubit initialized in the state |↓ and the difference between the two measurements recorded. Knowing the readout to qubit mutual inductance M ro-q = 6.46 ± 0.17 pH, obtained from an independent measurement, we determined I . Finally, the source qubit was fully annealed (iv), both qubit flux biases are returned to their degeneracy point (v) and the state of the detector qubit is read (not shown). This annealing cycle was embedded inside a software feedback loop which adjusted Φ d q until the particular bias for which the detector qubit could be found in |↑ with probability P ↑ = 1/2 was found to within a specified precision.
Performing the measurement for both signs of Φ To measure ∆ of each qubit we used two methods: In the incoherent regime one can utilize macroscopic resonant tunneling (MRT) to trace out decay rate curves and extract ∆ from fitting parameters [12] . The range of ∆ that could be probed by this method had a practical upper bound on account of the relatively low bandwidth of our bias lines. In the coherent regime, we employed a 2-qubit procedure involving the waveform pattern shown in Fig. 3 
Using Boltzmann statistics, one can calculate the particular bias ǫ 2 = ǫ * 2
for which the detector qubit will be found with P ↑ = 1/2:
Note that in the limit ∆ ≫ T, J 1,2 Eq. 5 reduces to ǫ * 2 ≈ J 1,2 ǫ 1 / ǫ 2 1 + ∆ 2 1 = J 1,2 g| I p q σ z |g , with |g representing the groundstate of the source qubit. Given independent calibrations of I p q for both qubits, M eff and T , one can fit traces of ǫ * 2 versus ǫ 1 with Eq. 5 to extract ∆ 1 . This procedure is similar in spirit to that of Ref. [13] . In practice, the 2-qubit method was found to be reliable only if ∆ > T and M eff I p q ≫ δΦ n , where δΦ n represents an rms low frequency flux noise experienced by the detector qubit. These constraints imposed lower and upper bounds, respectively, upon the range of ∆ 1 that could be probed via this latter method.
Measurements of the CJJ bias dependence of I p q and ∆ are shown in Fig. 4 . Here, we have shifted the CJJ bias for each qubit by a unique Φ 0 cjj (as summarized in Table I Table I. noise. For these qubits, drift measurements of the type reported in Ref. [3] revealed 1/f noise spectral densities with a mean amplitude S Φ (1 Hz) = 14 ± 2 µΦ 0 / √ Hz. Efforts to refine the 2-qubit method and to reduce 1/f noise in our devices are ongoing.
The results of simultaneously fitting I p q (Φ x cjj ) and ∆(Φ x cjj ) using the eigenstates of Eq. 3 for each qubit are summarized in Table I . The quality of the fits proved most sensitive to I c and comparably less sensitive to the choice of L q and C p . It is probable that fabrication variations between Josephson junctions, roughly ±1% of the target I c , are the prime source of inter-qubit variability on this particular chip. The theoretical predictions for I Conclusions: A method for synchronizing the properties of multiple coupled CJJ rf-SQUID flux qubits with a small spread of device parameters due to fabrication variations has been demonstrated. Both theory and experiment indicate that the application of a custom-tuned flux bias to each qubit CJJ loop is sufficient to compensate for ±1% differences in critical current. This strategy may prove to be an important step in the development of practical adiabatic quantum information processors.
